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ABSTRACT

3FGL J1544.6—1125 is a candidate transitional millisecond pulsar (tMSP). Similar to the well-established
tMSPs — PSR J1023+0038, IGR J18245-2452 and XSS J12270-4859 — 3FGL J1544.6—1125 shows y-ray
emission and discrete X-ray ‘low’ and ‘high’ modes during its low-luminosity accretion-disc state. Coordinated
radio/X-ray observations of PSR J1023+0038 in its current low-luminosity accretion-disc state showed rapidly
variable radio continuum emission — possibly originating from a compact, self-absorbed jet, the propellering
of accretion material, and/or pulsar moding. 3FGL J1544.6—1125 is currently the only other (candidate)
tMSP system in this state, and can be studied to see if tMSPs are typically radio loud compared to other
neutron star binaries. In this work, we present a quasi-simultaneous VLA and Swift radio/X-ray campaign on
3FGL J1544.6—1125. We detect 10-GHz radio emission varying in flux density from 47.7 + 6.0 uJy down to
< 15y (3o upper limit) at four epochs spanning 3 weeks. At the brightest epoch, the radio luminosity is
Lsgr, = 2.17+0.17 x 10?7 ergs~! for a quasi-simultaneous X-ray luminosity L,_joey = 4.32+0.23 x 103 ergs~!
(for an assumed distance of 3.8 kpc). These luminosities are close to those of PSR J1023+0038, and the results
strengthen the case that 3FGL J1544.6—1125 is a tMSP showing similar phenomenology to PSR J1023+0038.

Keywords: Pulsars : transitional millisecond pulsars — 3FGL J1023+0038 — PSR J1023+0038 — X-rays: low mass
X-ray binaries

1. INTRODUCTION

The transitional millisecond pulsars (tMSPs) are a re-
cently discovered type of binary system that transition be-
tween rotation-powered radio millisecond pulsar (RMSP) and
accretion-powered low-mass X-ray binary (LMXB) states (e.g.,
Archibald et al. 2009; Papitto et al. 2013a; Stappers et al.
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2014; Bassa et al. 2014; Roy et al. 2015). Currently, there
are three well-established tMSP systems: PSR J1023+0038,
IGR J18245-2452 and XSS J12270-4859 and three ex-
cellent candidate transitional millisecond pulsar systems
3FGL J1544.6—-1125, CXOU J110926.4-650224 (Coti Ze-
lati et al. 2019) and 4FGL J0427.8—6704 (Strader et al. 2016;
Kennedy et al. 2020).

To conclusively classify a neutron star binary as a tMSP,
one needs to demonstrate that the system has been observed
in both the rotation-powered RMSP and accretion-powered
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LMXB states. Nonetheless, in the absence of an observed
transition, we can still make a strong case that a particular
candidate system is of a similar ilk to the tMSPs and may in
the future undergo a state transition. Fortunately, the tMSPs
provide a rich observational phenomenology that helps build
such a connection (see, Table 2), with the caveat that there are
only three such systems currently known and perhaps a larger
sample will display a larger diversity.

In their LMXB! state, tMSPs show distinct X-ray luminosity
modes. For example, PSR J1023+0038 switches within <
10s between ‘high’ (L_joey ~ 103 ergs™!, present ~80%
of the time) and ‘low’ (L,_jgev ~ 10°% ergs™!, present ~20%
of the time) X-ray luminosity modes (Archibald et al. 2015;
Bogdanov et al. 2015; Jaodand et al. 2016). These modes last
typically for minutes up to an hour. Occasionally, there are
instances of X-ray ‘flares’ (Ly—jokev ~ 103 erg sh. A very
similar variability pattern was observed in XSS J12270-4859 ,
prior to its 2012 transformation to an RMSP (de Martino et al.
2013), whereas IGR J18245-2452 ’s moding behaviour differs
as it shows longer-lasting modes (several hour duration; see
Linares et al. 2014).

Coherent X-ray pulsations are observed in PSR J1023+0038
and XSS J12270-4859 at the neutron star’s rotational period
during only the X-ray high mode (Archibald et al. 2015; Bog-
danov et al. 2015; Papitto et al. 2015; Jaodand et al. 2016;
Papitto et al. 2019). Coherent pulsations at X-ray luminosi-
ties typically considered as ‘quiescent state’ for other X-ray
binaries is surprising since the accretion material is unlikely to
provide enough pressure to overcome the neutron star’s mag-
netic pressure and to produce hot spots on the stellar surface —
as is believed to powered coherent pulsations from accreting
X-ray millisecond pulsars (AMXPs). The effect has thus far
only been observed in tMSPs, and could represent some ex-
otic form of stimulated pulsar moding (Archibald et al. 2015).
This moding behaviour now extends to to optical wavelengths
(Papitto et al. 2019, see,).

PSR J1023+0038 has been monitored across the electromag-
netic spectrum since its transition to the LMXB state in 2013
(Patruno et al. 2014; Stappers et al. 2014). In the LMXB state,
PSR J1023+0038 is the best studied tMSP system. Hence, we
use it hereafter as the canonical system to outline phenomeno-
logical similarities in the tMSP class.

To better understand the puzzling low-luminosity tMSP
accretion regime, we conducted a timing campaign on
PSR J1023+0038 using XMM-Newton (Jaodand et al. 2016).
In this two-yr-long campaign we timed the coherent X-ray pul-
sations and found that the system is spinning down 26.8 +0.4%
faster than in the RMSP state (i.e. compared to the radio-

derived timing solution of Archibald et al. 2013). This mea-
surement shows that the accretion torques have (on average)
been roughly constant over 2 yr. Moreover, the lack of large
torque variations, coupled with the spin down rate being only
~ 27% faster than in the RMSP state, tells us that the dipole
spin-down mechanism observed in the RMSP state is still dom-
inant and the pulsar wind continues to operate in a mostly
unchanged manner. Enhanced spin-down could in principle be
due to an increased proportion of open field lines in the pulsar
magnetosphere (Parfrey et al. 2016, 2017) or from outflow of
accretion material.

Additional insights come from radio continuum imaging of
PSR J1023+0038 using the Karl G. Jansky Very Large Array
(VLA). Deller et al. (2015) found approximately flat-spectrum
(-0.3 < @ < 0.3, where the radio flux density S scales with the
observing frequency v as § oc v*) continuum radio emission
that was observed to vary by up to an order-of-magnitude in
brightness on timescales of minutes to an hour. This suggested
partially self-absorbed synchrotron emission from a jet-like
collimated, outflow. The radio emission, which persisted for
the span of the 6-month observing campaign, was surprisingly
bright given the low X-ray luminosity and inferred accretion
rate. This was attributed to radiatively inefficient ‘propeller-
mode’ accretion, where there is ejection of inflowing accretion
material as it is unable to overcome the centrifugal barrier
at the co-rotation radius (where accretion material co-rotates
with the neutron star’s magnetic field). In such a situation,
the jet-like outflow would then carry away the majority of the
liberated accretion energy.

The tMSPs hence accrete at unexpectedly low X-ray lumi-
nosity levels (Archibald et al. 2015) and show higher radio
luminosities than expected for other NS-LMXBs with millisec-
ond spin rates (Deller et al. 2015). For example, Z-sources
% are highly luminous as they accrete near-Eddington lumi-
nosities (> 10 ergs s7!), and their outbursts span timescales
of a ~ few hrs to days. Atoll-sources’ are usually found to
be accreting at luminosities < 10* ergs s™' on month-long
timescales. Finally, rapid burster are peculiar neutron star bi-
nary which shows Type-I X-ray burst at the highest peak of
outburst and the rare,intense Type-II X-ray bursts * erratically
during periods of lower X-ray activity. The stable nature of the
long-lasting (multi-year) accretion regime and abundance of
information now available from multi-wavelength campaigns
(e.g., Bogdanov et al. 2015) has established tMSPs as excellent

2 They trace a Z-shape comprising of flaring, normal and horizontal branches
from harder to softer colors in the hardness-intensity diagram (HID).

3 Their HID traces show steady hardness over range of intensities resembling
small clusters or “islands” (see, Hasinger & van der Klis 1989; Muno et al.
2002; Church et al. 2014)

!'n this paper we use the term ‘LMXB state’ to distinguish from when a tMSP
is observed as an RMSP, but caution that only one confirmed tMSP has been
observed in a full LMXB outburst, whereas the other two have only been
seen in a low-luminosity, persistent accretion-disc state that is unlike what
has been observed to date in classical LMXBs.

4 Recent works by Degenaar et al. (2014); van den Eijnden et al. (2017) indicate
that dramatic type-1I X-ray bursts occur due to a gap between neutron star
and inner edge of the accretion disk.



Rapio ContiINUUuM OBSERvVATIONS OF 3FGL J1544.6—-1125 3

laboratories to study accretion onto magnetized neutron stars,
at lower accretion rates than probed in previous studies.

Most recently, Bogdanov et al. (2018) uncovered a strik-
ing radio/X-ray anti-correlation in PSR J1023+0038 using
strictly simultaneous Chandra X-ray Observatory and VLA
observations. They found that all the X-ray ‘low’ modes were
reliably accompanied by simultaneous radio flux brightening,
whose duration was closely matched to that of the low mode.
Additional, sporadic radio flares — unassociated with X-ray
low/high-mode switches, and only sometimes associated with
X-ray flares — were also occasionally seen. During the X-ray
low-mode, the radio spectral index was observed to change
from significantly inverted (@ =~ 0.4) in the radio flare rise to
relatively steep (¢ = —0.5) during the radio flare decay. Go-
ing beyond the initial insights from the Deller et al. (2015)
radio/X-ray campaign, Bogdanov et al. (2018) concluded that
the observations could not be explained by a canonical in-
flow/outflow model, in which the radiated emission and the jet
luminosity are powered by, and positively correlated with, the
available accretion energy. They argued instead for a picture in
which the X-ray high modes (with accompanying coherent X-
ray pulsations) represent active accretion into the neutron star
magnetosphere (as also concluded by Archibald et al. 2015),
whereas the X-ray low modes and associated radio flares repre-
sent the rapid ejection of plasma by the active rotation-powered
pulsar — possibly initiated by a reconfiguration of the neutron
star magnetosphere to another quasi-stable state. The only
slightly enhanced neutron star spin-down rate found by Jao-
dand et al. (2016) appears consistent with this picture, in which
the rotation-powered pulsar wind continues to play a signifi-
cant role in shaping the multi-wavelength emission properties
of the system.

The cumulative observational findings achieved in the last
decade of tMSP studies (Jaodand et al. 2017; Campana & Di
Salvo 2018; Papitto & de Martino 2020) have given various
insights into low-level accretion onto rapidly-spinning, highly
magnetised neutron stars. We recap these observational find-
ings for various sources in Table 1. The comprehensive picture
of this accretion state, however, necessitates an increase in the
population of known tMSPs, especially since two of the three
known systems (XSS J12270-4859 and IGR J18245-2452)
are currently in the RMSP state.

1.1. 3FGL J1544.6—1125

A very promising candidate tMSP, 3FGL J1544.6—1125, was
recently found by Bogdanov & Halpern (2015). Motivated by
the fact that PSR J1023+0038 underwent a factor of 5 bright-
ening at GeV energies when it transitioned from an RMSP to
an LMXB state (Stappers et al. 2014), this candidate tMSP was
found by investigating the population of unidentified Fermi
gamma-ray sources. More broadly, the selection criteria were
based on the observed gamma-ray and multi-wavelength emis-
sion from tMSPs in both RMSP and LMXB states (Patruno
et al. 2014; Johnson et al. 2015). Bogdanov & Halpern (2015)

used the optical properties and X-ray light curve phenomenol-
ogy to categorise 3FGL J1544.6—1125 (also associated with

X-ray source 1RXS J154439.4—-112820 ) as a strong tMSP

candidate.

More extensive studies, which analysed the archival X-
ray and radio data (Bogdanov 2016) for this source, further
strengthened this claim and showed that the system had not
transitioned to an RMSP state over the course of the past ten

years (at least not for a prolonged period of time). Also, using

spectroscopic observations Britt et al. (2017) showed that the
orbital period of 3FGL J1544.6—1125 is ~ 0.24 day, similar to
other tMSPs (P,,, = 0.2 — 0.4 day), and that it is situated at
3.8 £0.7kpc.

Besides PSR J1023+0038, 3FGL J1544.6—1125 at the time
of its discovery was the only known (candidate) tMSP system
in the LMXB state. Thus, in order to capitalize on this rare
opportunity to study another tMSP in the LMXB state, we
undertook a dedicated quasi-simultaneous radio/X-ray obser-

vation campaign using the VLA and the Neil Gehrels Swift

Observatory X-Ray Telescope (XRT). In this paper, we present
the results of this campaign. In Section 2 we present the obser-
vations and analysis. In Section 3 we present the results and in
Section 4 the astrophysical implications derived from them.

1.2. Very Large Array Observations

After the discovery of 3FGL J1544.6—1125 as a strong tMSP
candidate, we observed the source using the upgraded VLA
(Perley et al. 2011) on four different occasions (2015 May 12,
15, 30, and June 5) under the Director’s Discretionary Time
project 15A-484 (PI: Jaodand; legacy ID: AJ401). Since our
goal was to determine the location of 3FGL J1544.6—1125 on
the radio/X-ray correlation plane, our VLA observations were
dynamically scheduled to be at least quasi-simultaneous with
Swift XRT observations (Figure 1)°.

The scheduling block duration for each observation was one
hour, and we used the X-band (8 — 12 GHz) receiver (using
the standard wide-band continuum correlator set-up with 3-bit
sampling). The VLA was in an evolving hybrid ‘BnA’ con-
figuration during our observations, and offered a resolution of
~1" at 10 GHz. In all but the third observation, some antennas
were in the process of moving into or out of the BnA config-
uration, and so the sensitivity and uv-coverage were slightly
compromised due to a reduced number of available antennas
in the array.

In each epoch, the target source 3FGL J1544.6—-1125 was
observed for a total time of ~32 min (10 scans of ~3.2 minutes).
The source J1331+305 (3C286) was used as a flux calibrator
and to calibrate the instrumental bandpass; flux density scale
calibration coefficients were adopted from Perley & Butler
(2017). In all the observations, J1543—0757 was used as a gain

3 The data from these observations is publicly accessible from the National
Radio Astronomy Observatory (NRAO) VLA archive. https://archive.nrao.
edu/archive/archiveproject.jsp
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Table 1. Summary of tMSP observational properties

PSR J1023+0038

IGR J18245-2452 XSS J12270-4859

Properties

Radio Millisecond Pulsar State

Steep-spectrum radio pulsations v v v
Gamma-ray pulsations X v v
Orbitally modulated optical and X-ray emission v v v
Stochastic orbital variations v v v
Radio Eclipses v v v

Low-mass X-ray Binary State
Flat spectrum radio emission v v v
Gamma-ray flux enhancement v v v
X-ray flux enhancement and pulsations v v v
Stochastic orbital variations v v v

Nore—Summary of key observational properties of tMSPs in RMSP and LMXB states.

calibrator and was visited every ~4 minutes, in between target
scans. For the third and fourth epochs, a scan on the source
J1407+2827 was also added to allow for the potential calibra-
tion of the instrumental polarization leakage. We summarize
these observations in Table 2.

1.3. VLA Data Analysis

Every VLA scheduling block between 2013 January and
2015 September was automatically flagged and calibrated by a
VLA scripted calibration pipeline®. This pipeline uses CASA
(v. 5.1.2) as the underlying software suite (for more informa-
tion see McMullin et al. 2007) to handle various operations
such as loading the data into a measurement set, Hanning
smoothing, flux calibration, radio frequency interference (RFI)
flagging, etc.

Based on an inspection of the pipeline data products for each
epoch, we identified additional RFI and antenna/frequency
combinations affected by instrumental issues, and performed
manual flagging to remove the affected data. Finally, we re-
ran the pipeline to generate the best possible calibration, and
applied this to the 3FGL J1544.6—1125 field before splitting
the data and imaging the target field.

The brightest source in the field is located several arcminutes
to the northwest of 3FGL J1544.6—1125, and has a flux density
of ~300 ]y (after correcting for attenuation by the primary
beam). The limited brightness of this source proved insufficient
to allow for the derivation of self-calibration solutions, and so
no further calibration was applied to the target field.

For each epoch, we used the CASA task clean in interactive
mode to image the full primary beam of the VLA in Stokes I
(total intensity), identifying and cleaning sources above 30 uJy
(250 compared to the noise level). We used the full bandwidth

6 https://science.nrao.edu/facilities/vla/data-processing/pipeline/
scripted- pipeline

of the observations and a simple clean (natural weighting,
multi-frequency synthesis with a single Taylor term and a
single scale).

In the resulting images, we estimated the rms noise using
a source-free box near the position of 3FGL J1544.6—1125.
If a peak > 30 was present at the known position of
3FGL J1544.6—1125 (Bogdanov & Halpern 2015), we used
the task imfit to fit a single 2-D Gaussian component (with
semi-major and semi-minor axes matching the size of the syn-
thesized beam) and took the fitted value of the peak as the
flux density of the point source at that epoch. For the epochs
where 3FGL J1544.6—1125 was not detected, we report a 30
upper limit based on the off-source rms noise. We include a
10% uncertainty to account for the absolute flux calibration
of the VLA (Perley & Butler 2017) in addition to the formal
uncertainties obtained from the image rms noise, although the
latter dominates.

1.4. Swift Observations

Prior to our VLA radio campaign, 3FGL J1544.6—1125 was
already being monitored regularly, along with a few ‘redback’
pulsars’ and known tMSP systems, using Swift XRT (Bur-
rows et al. 2004) in 2015. The aim of that campaign was to
catch any possible transition in 3FGL J1544.6—1125 from the
LMXB to RMSP state — or at least to establish whether it shows
long-term X-ray brightness variations. We supplemented this
campaign with an additional set of Swift XRT observations,
scheduled close in time to complement the VLA observations
of 3FGL J1544.6—-1125.

These observations, as well as four archival observations
from 2006 — 2012, are summarized in Table 3. We present
13 Swift observations from 2015 (each of which has a typical

7 These are a class of eclipsing radio MSP to which all known tMSPs belong
when they are in the RMSP state (see, e.g., Jaodand et al. 2017).
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Figure 1. Radio flux density at 10 GHz (red points; bottom panel; see Table 2) and 1 — 10 keV unabsorbed X-ray flux (blue points; top panel; see
Table 3) as a function of modified Julian day (MJD). The Swift X-ray observations span the four-epoch VLA radio campaign, and the exact epochs
of Swift observations are denoted by dashed vertical lines for reference. Note that the fifth X-ray observation shown here (at MJD 57179) was only
a 418-s exposure, and it is possible that 3FGL J1544.6—1125 was in the X-ray low-mode for the entirety of this observation, which would explain
the low measured X-ray flux compared to the other Swift observations. The VLA flux density upper limits (307) at Epochs 3 and 4 are marked with
downward arrows.
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Figure 2. Radio interferometric images (Stokes I) from all four VLA observation epochs (see Table 2). Left: Radio image of the second epoch
showing 3FGL J1544.6—1125 and three unidentified radio sources in the surrounding field (RS-1, RS-2, RS-3 with the corresponding flux densities
of ~350 uJy/beam, ~50 pJy/beam, ~40 uJy/beam). Right: Each sub-panel shows zoomed-in radio images of 3FGL J1544.6—1125 from all 4
epochs. The synthesized beams are shown by black ellipses centered at the Gaia position of the source, which is shown by a green circle. The
source is not convincingly detected during Epoch 3 or 4.
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Table 2. Summary of VLA Radio Observations

Epoch# Obs. Date  Obs. Start Time Obs. Start (MJD)  Average Flux Density Uncertainty

UTC UTC uly uly
1 2015-05-12 03:29:10 57154.17 236 4.8
2 2015-05-15 03:10:26 57157.15 477 6.0
3 2015-05-30 01:56:23 57172.10 <138 —
4 2015-06-05 08:19:40 57178.36 <162 —

Nore—Summary of VLA observations at 8 — 12 GHz (X band) in BnA array configuration. At each epoch we achieved roughly 40 minutes on
source and an imaging rms noise of ~ 5 uJy/beam, as expected given the observational setup. 3FGL J1544.6—1125 was only convincingly
detected in Epochs 1 and 2, where we used a 2-D Gaussian fit to measure the flux density and quote a 1-0- uncertainty equivalent to the off-source
rms noise. In Epochs 3 and 4, no significant radio emission is detected at the known source position; here we quote 3-0- upper limits based on the
off-source rms noise.

Table 3. Summary of Swift XRT X-ray Observations

Nore—The quoted fluxes are corrected for absorption; see main text. The uncertainties are at the 90% confidence level.

Obs. ID Obs. Date  Flux (1 — 10keV) Uncertainty Exposure Time

(MID) (x1072ergscm™257")  (x10"2ergsem=2s71) (ks)
00036065001  53983.53686 1.74 0.61 0.6
00036065002 54117.51016 3.52 0.17 6.2
00036065003  55966.43553 4.58 0.23 5.1
00036065004 56091.78215 332 0.31 1.9
00036065005 57113.40175 3.28 0.31 2.1
00036065006 57139.36776 2.78 0.28 1.7
00036065007 57156.69384 2.50 0.36 1.9
00036065008 57167.16071 3.70 0.49 0.9
00036065009 57176.72122 3.59 0.41 0.8
00036065010 57179.12038 0.55 0.34 1.1
00036065011  57182.49995 4.21 0.43 04
00036065012  57185.89694 2.54 0.36 1.2
00036065015  57199.32349 1.94 0.60 1.0
00036065016  57203.88762 3.48 0.29 0.2
00036065017  57204.35402 3.79 0.33 04
00036065018  57223.57096 2.63 0.44 2.1
00036065020 57254.26046 3.88 0.66 1.8
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Figure 3. Short time-scale radio light-curves constructed over sub-integrations of 3.2 mins, for each VLA observation epoch (see Table 2).
Different panels represent corresponding epochs. The yellow dashed line shows rms flux density levels for each sub-integration. Epoch 2 is overall
the brightest although excursions to similar flux levels are seen for short intervals during Epoch 1 and Epoch 3.

duration of ~ 0.5 —2ks), of which six closely span the duration
of the VLA observations. Although not strictly simultaneous
with the VLA observations, these cover the baseline of VLA
observations in a quasi-simultaneous manner and demonstrate
that the system was still in the LMXB state at that time (Fig-
ure 1). We note that Swift has continued to monitor this source
and that other observations — in addition to those presented
here, and including the UVOT instrument — also exist.

1.5. Swift Data Analysis

We analyzed all Swift XRT observations, taken in the
photon counting (PC) mode, using the standard Swift tool
xrtpipeline in HEASoft®. Photon counts were extracted
from a circular region with a radius of 20 detector pixels (cor-
responding to 47""). We calculated the contribution from the
background by averaging counts detected in 4 circular regions
of the same size across the field of view after verifying that they
did not fall close to obvious point sources. The 1-10keV X-ray
counts were then extracted and binned in 10-s intervals with the
software xselect. The X-ray counts were then corrected with
the task xrtlccorr, which accounts for telescope vignetting,
point-spread function corrections and bad pixels/columns and
re-binned the counts in intervals of 50 seconds.

A summary of all the observations and associated flux mea-
surements is presented in Table 3. The unabsorbed X-ray
fluxes (1-10keV) for Swift XRT observations were obtained
assuming a simple absorbed power-law spectral model, as
measured using XMM-Newton and described in Bogdanov

8 Available at https://heasarc.nasa.gov/lheasoft/

& Halpern (2015). We adopted their values for photon in-
dex I' = 1.68 + 0.04 and a hydrogen column density of
Ny = (1.4 £ 0.1) x 102! cm™ along the line of sight.

2. RESULTS

Throughout the paper, we assume the spectroscopically esti-
mated distance of 3.8 + 0.7 kpc for 3FGL J1544.6—1125 (Britt
et al. 2017).

The Swift XRT flux measurements from MJD 53983-57254
(2006 Sep to 2015 Aug) are consistent with
3FGL J1544.6—1125 being in the LM XB state for this entire
time. However, given that the state transition to RMSP state
can be rapid (e.g. Stappers et al. 2014) and might only last
for months to years in some cases, we cannot rule out that
3FGL J1544.6—1125 underwent a switched states during the
sparse X-ray monitoring available before 2015. Regardless,
it is clear that the source was in the LMXB state during our
2015 May to Jun VLA campaign: we find an average X-ray
luminosity of 4.32 + 0.23 x 10* ergs™! at this time, which
we use as the point of reference for our radio measurements.
While the X-ray flux here was lower on MJD 57179, it is
plausible that this observation was dominated by a single
low-mode in this short (418-s) observation.

2.1. Inter-observation Variability

3FGL J1544.6—1125 was found to be faint in radio, with
the strongest detection being ~ 8¢ in significance, and two
epochs only providing upper limits on the radio flux density
(Table 2). Our VLA observations detect 3FGL J1544.6—1125
at 23.6 + 4.8 uJy and 47.7 + 6.0Jy at Epochs 1 and 2, re-
spectively. At Epochs 3 and 4, the source is undetected, with
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Figure 4. A phase space for NS- and BH-LMXBs, showing their 5-GHz radio luminosities versus their 1 — 10keV X-ray luminosities, as
derived from quasi-simultaneous observations in both bands. Dark violet circles, blue squares and pink stars represent stellar-mass black hole
binaries, hard-state neutron star X-ray binaries and accreting millisecond X-ray pulsars, respectively (the values are obtained from the database
maintained by Bahramian et al. 2018). The thin grey dashed lins shows the best-fit radio/X-ray luminosity correlation for BH-LMXBs (Gallo
et al. 2014). The dot-dashed blue line is the putative Lg o< Ly®7 scaling for tMSPs (Deller et al. 2015). Note that individual systems, with
evolving accretion rates, may be represented by multiple points on this diagram. Previous radio/X-ray observations of individual tMSPs are also
shown: M28I/IGR J18245-2452 (yellow circle; Papitto et al. 2013a), XSS J12270-4859 (green circle; Hill et al. 2011), and PSR J1023+0038
(blue circles; Bogdanov et al. 2018). For PSR J1023+0038, the radio/X-ray luminosities are shown separately for the low (radio brighter) and
high (radio fainter) X-ray modes — as derived from strictly simultaneous radio and X-ray observations. The four radio observation epochs of
3FGL J1544.6—1125 are shown individually using red circles (see also Table 2). For all four epochs we use a median value for X-ray luminosity of
5.51 x10* ergs™'. The 30 upper limits at Epochs 3 and 4 are indicated with an additional downward arrow.

30 upper limits of 13.8 uJy and 16.2 uly, respectively. This
demonstrates a clear variability in radio brightness of at least
a factor of a few on timescales of days (see Fig 2 for radio
interferometric images for each of the 4 epochs). As men-
tioned above, strictly simultaneous radio/X-ray observations
are needed to probe variability on the much shorter timescales
on which 3FGL J1544.6—1125 is known to switch between
X-ray low- and high-modes.

Given very low average radio flux density of
3FGL J1544.6—1125, fitting for the spectral index calcu-
lated by imaging two base bands separately of radio emission
from this source, or performing polarization imaging would not

offer useful constraints. Indeed, the spectral index we obtain
from the brightest epoch is @ = 0.7 + 1.0, which is consistent
with a flat spectrum, but with a large uncertainty. Likewise,
testing for short-timescale variability is strongly limited by the
source brightness and the fact that the low modes — where, in
analogy to PSR J1023+0038, we expect radio brightening —
typically last for only a few minutes to half an hour at a time
(Bogdanov & Halpern 2015). Nevertheless, we attempted to
search for such variability by splitting the observation into ten
~3.2 minutes subintegrations; lightcurves thus obtained are
presented in Fig. 3. We opted for 3.2 min, as it is also the
average scan time of the source. In all epochs, except epoch 1,



Rapio ContiINUUuM OBSERvVATIONS OF 3FGL J1544.6—-1125 9

we find that the source variability is consistent with the rms
noise of the image (~ 15 uJy/beam per sub-integration). In the
first epoch, we find a single bright peak of 71.2 uJy/beam in
one sub-integration, which is ~ 3 times brighter than the mean
flux of the source in that epoch. However, due to the high rms
noise, the significance of this bright peak is only ~ 20. This
hints at a potential similarity of short term radio light curve
behaviour of 3FGL J1544.6—1125 and PSR J1023+0038. To
better investigate the short-timescale (< 1hr) variability of
3FGL J1544.6—1125 we performed (Gusinskaia et al. in prep)
a strictly simultaneous radio/X-ray observation campaign,
where the X-ray low/high-mode separation can guide the
investigation of the radio light curve.

2.2. Radio Position

Based on the brightest radio detection (Epoch 2), we used
CASA’s imfit to fit a 2-D Gaussian constrained to have the
same dimensions as the synthesized beam, which in this case
had dimensions of 2.13" x 0.87" at a position angle of 143°
(East of North). In this way, we obtain a best-fit radio position
(J2000):

RA: 15"44™39.53916 + 0.°0082,
Dec: —11°2804.”8497 + 0.”1556.

Errors as they are currently reported above are statistical
from fitting the image in plane. This position is consistent
to within 50 mas of the optical counterpart (i.e. the neutron
star’s binary companion) GAIA DR2 position (J2000) of RA:
15M44™39.5388192, Dec: —11°28’04.”78735 (Lindegren et al.
2018), and thus establishes a convincing association.

2.3. Radio-X-ray Variability

To convert the radio luminosity to a frequency of 5 GHz,
for comparison with other LMXB systems, we assume a flat
spectrum (@ = 0). This is consistent with our measurement
as well as with both theoretical expectations for a partially
self-absorbed synchrotron jet, and is what is observationally
seen in most LMXBs. However, note that recent work by Es-
pinasse & Fender (2018) shows that populations of ‘radio-loud’
and ‘radio-quiet’ black hole X-ray binaries differ markedly in
their spectral indices. This may point to a difference in the
radio emission mechanism at lower radio luminosities and
require more caution in assuming flat spectral index. While
PSR J1023+0038 showed short-timescale spectral variations
during its minutes-long radio flares (Bogdanov et al. 2018),
averaged over longer timescales (like those probed here for
3FGL J1544.6—1125) the radio spectrum was still on average
flat (0.3 < @ < 0.3; Deller et al. 2015). Thus, this extrapo-
lation should be roughly correct. We find radio luminosities
of 4.08 x 10%7,8.19 x 10%7,2.37 x 10%”,2.76 x 10?7 erg s!, at
Epochs 1 to 4, respectively. Figure 4 is a Lg vs. Ly diagram
showing the derived radio luminosities at each VLA observing

epoch, in comparison to the average Swift X-ray luminosity
quoted above.

3. DISCUSSION & CONCLUSIONS

Many of the key observational similarities of
3FGL J1544.6—-1125 compared to the well-established
tMSP systems were previously presented in Bogdanov
& Halpern (2015) and Bogdanov (2016). Bogdanov &
Halpern (2015) highlight the phenomenological similarity
of 3FGL J1544.6—1125’s XMM-Newton lightcurve to that
of PSR J1023+0038 and XSS J12270-4859 where, during
the accretion-powered state, the X-ray flux switches between
quasi-stable ‘low’ and ‘high’ modes that are separated in
X-ray luminosity by roughly an order of magnitude. Using
the XMM-Newton Optical Monitor (OM) and MDM observa-
tory fast photometric observations, they saw that the system
showed rapid optical variability, switching within a range
~ 0.5 mag in a manner reminiscent of the limit-cycles seen in
PSR J1023+0038. Furthermore, X-ray spectroscopy presented
in Bogdanov (2016) showed that the 1 — 80keV emission
(from joint XMM-Newton and NuStar data) can be modeled by
an absorbed power law model with a photon index of I' ~ 1.7.
As with PSR J1023+0038, no significant spectral change was
observed between the low and high X-ray mode (Bogdanov
et al. 2015). This incredible similarity to PSR J10234+0038’s
X-ray spectroscopic behavior was also echoed by the similarity
to its broadband spectral shape spanning optical, UV and
y-rays (see Fig. 4, Bogdanov 2016).

In the work we present here, we detect 10-GHz radio
emission from 3FGL J1544.6—1125 varying in flux den-
sity from 47.7 £ 6.0uJy down to < 15uly (30 upper
limit) at four epochs spanning 3 weeks. During this time
3FGL J1544.6—1125’s X-ray flux is consistent with the inter-
pretation that it was in the persistent low-accretion-rate state
seen in, e.g., tMSP PSR J1023+0038 (Bogdanov et al. 2015).
Mapping 3FGL J1544.6—1125 in the radio/X-ray luminos-
ity phase space (Figure 4) shows that it populates a similar
region to the well-established tMSPs PSR J1023+0038 and
XSS J12270-4859 (Deller et al. 2015; Bogdanov et al. 2018;
Hill et al. 2011). This shared phenomenology adds further
support to the previous classification of 3FGL J1544.6—1125
as a strong tMSP candidate, and suggests that the tMSPs truly
have quite common observational properties across the electro-
magnetic spectrum.

3FGL J1544.6—1125’s radio flux density varies by a factor
of > 3 between epochs. This is consistent with the behav-
ior of PSR J1023+0038, where the radio flux density varies
by a factor of two in ~ 2mins and by an order of magni-
tude in ~ 30 mins (see, Deller et al. 2015). However, since
3FGL J1544.6—1125 is at 3.8 + 0.7 kpc (Britt et al. 2017) in-
stead of 1.368*0:93% kpc like PSR J1023+0038 (Deller et al.
2012) it is much more challenging to study its radio variability
on such short timescales. Consequently, we plan to better in-
vestigate short-timescale (< 1 hr) variability in a strictly simul-
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taneous radio/X-ray observation campaign, where the X-ray
low/high-mode separation can guide the investigation of the
radio light curve. These observations can determine whether,
like PSR J1023+0038, 3FGL J1544.6—1125’s radio brightness
increases during the X-ray low modes (Bogdanov et al. 2018).
Given the general faintness of 3FGL J1544.6—1125, this may
require stacking many such mode instances over several hours.

In general, our findings support the idea that tMSPs as a
class are surprisingly ‘radio-loud’ at low X-ray luminosities,
when compared to expectations based on previous radio/X-
ray observations of NS-LMXBs at higher accretion rates (e.g.
Migliari & Fender 2006; Migliari et al. 2011). Even comparing
PSR J1023+0038 with other tMSP radio/X-ray detections,
including the detection of IGR J18245-2452 in outburst (an
LMXB-like outburst as seen in, Papitto et al. 2013a), Deller
et al. (2015) tentatively postulated an empirical relation, Lg o
Lx"7, between radio and X-ray luminosity for tMSPs. This
speculative scaling relation is, perhaps coincidentally, very
similar to that suggested for some black hole (BH) LMXBs
(Gallo et al. 2003; Corbel et al. 2003; Shaw et al. 2021), which
show similar flat to inverted radio spectra arising from compact,
self-absorbed jets (Blandford & Konigl 1979) over many orders
of magnitude (Corbel et al. 2013). In the case of BH-LMXBs,
the radiatively inefficient nature of the accretion flow can be
attributed to the energy being liberated by in-falling matter
either a) carried away in the outflow during the jet-dominated
regime or b) not radiated but advected across the BH event
horizon. However, while there may be some physical analogies
to draw with BH jets, note that the neutron star magnetosphere
and rapid rotation mean that the physical situation is likely
quite different compared to tMSPs.

Placing PSR J1023+0038 in the context of other neutron star
(NS) LMXBs, previously Migliari & Fender (2006) established
two proposed Lz — Ly relations: 1) In Z-sources the radio lu-
minosity was found to be proportional to Ly*%®, whereas 2)
In hard-state Atoll-sources and rapid burster NS-LMXBs the
radio luminosity scaled as Ly o Ly'*. The relation found
for Atoll-type sources remains valid over an order of magni-
tude in X-ray luminosity although jets being launched are less
powerful than BHs at any given X-ray luminosity. They also
found that after NS-LMXBs transition to the soft state their
radio emission mechanism is not quenched, whereas in a recent
study Gusinskaia et al. (2017) find evidence for jet quench-
ing in a NS-LMXB. Furthermore, Migliari & Fender (2006)
highlighted that, based on the observed steeper power law for
NS-LMXBs, that they would never enter a jet-dominated state
as some BH-LMXBs do. Also, Migliari et al. (2005) theorized
that millisecond pulsars in X-ray binaries, given their relatively
high magnetic fields (Chakrabarty 2005), should produce jets
with reduced radio luminosity.

More recent works, benefitting from a larger number of
detected sources, show that the correlation for hard-state Atoll
sources (index 1.4) should be viewed with skepticism given that
this correlation was found over 1 — 1.5 dex in L, (Tudor et al.

2017; Gallo et al. 2018). Indeed, the few sources tracked over
more than ~ 1 -2 dex in L, (mainly SAX J1808.4—3658) show
significant scatter in the radio/X-ray measurements, compared
to the tighter correlation observed in BH-LMXBs such as
GX339-4, V404 Cyg, or XTE J1118+480. Furthermore, Tudor
et al. (2017) question the very presence of single correlation.
Such studies remain limited by the low number of detected NS-
LMXBs, which are typically radio-fainter than BH-LMXBs by
a factor of ~ 20 at a given L,.

While it may be tempting to connect the radio emission seen
from tMSPs in the low-level accretion state (PSR J1023+0038,
XSS J12270-4859 , and 3FGL J1544.6—1125) to that seen
in the bright outburst of IGR J18245-2452 (see thin dot-
dashed blue line in Figure 4) we caution that these plausibly
represent different accretion regimes that are not connected by
a well-defined radio/X-ray scaling. Indeed, based on the anti-
correlated radio/X-ray moding they observed, (Bogdanov et al.
2018) conclude that PSR J1023+0038 does not fit a standard
inflow-outflow model. Further observations of tMSPs in the
intermediate X-ray luminosity range of 10** — 10*¢ erg s~ are
thus needed to better understand the similarities and differences
at low and high accretion rates.

The class of accreting millisecond X-ray pulsars (AMXPs)
provide an additional sample of sources that may help clar-
ify this in the future. Just as all three known tMSPs ap-
pear like the class of ‘redback” MSPs when they are in the
rotation-powered state, some of the AMXPs appear like tM-
SPs in the accretion-powered state (though none of these
sources have shown radio pulsations during quiescence, e.g.
Patruno et al. 2017). Tudor et al. (2017) tracked vari-
ous pulsating (IGR J17511-3057, SAX J1808.4-3658, and
IGR J00291+5934) and non-pulsating (Cen X-4) NS-LMXBs
in outburst and down to quiescence. They showed that, in
contrast to BH-LMXBs (which all seem to populate a radia-
tively inefficient track of Ly o Lx%7), NS-LMXBs exhibit
more diverse radio/X-ray behaviors, possibly due to the neu-
tron star’s spin rate and magnetic field strength. For example,
IGR J00291+5934 (observed at Ly = 10** — 10* ergs™') dis-
played a tight disk-jet coupling behaviour with coupling index
0.7 in the Lg— Ly relationship. Conversely, SAX J1808.4—-3658
showed highly-variable radio emission with strong radio emis-
sion epochs consistent with X-ray reflare tails.

Moreover, the recently discovered AMXP system
IGR J17591-2342 (Ferrigno et al. 2018; Sanna, A. et al.
2018; Gusinskaia et al. 2020) was shown to be as radio loud as
BH-LMXBs (Russell et al. 2018, if at d > 3 kpc). Thus radio
emission in some AMXPs is observed to be as bright as tMSPs.
However, Gallo et al. (2018) show that pulsating (AMXP) and
non-pulsating NS-LMXBs can only be fitted with a common
slope in the L,vs.L, diagram if tMSPs are excluded from the
sample.Moreover, recent exploration (van den Eijnden et al.
2021) over an ensemble of AMXPs shows that neutron stars
with weaker magnetic fields are usually radio fainter compared
to stellar mass black holes. These works suggest a different
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physical situation in the case of tMSPs accreting at a low X-ray
luminosity.

Radio observations may also help in linking other X-
ray binary systems to the tMSP class. For example, De-
genaar et al. (2014) identified a peculiar X-ray binary,
XMM J174457-2850.3, close to the Galactic Center. This
system periodically enters accretion-dominated outbursts
(10%® ergs™!) but at other times persists in an intermediate
state where the X-ray flux is limited between 103 3*ergs~!
for months at a time in a manner similar to tMSPs in
long-term (~yr) low-level X-ray states. Moreover, XMM
J174457-2850.3’s X-ray spectrum is well-fit by a power law
with a photon index of 1.7. These observed properties are anal-
ogous to tMSPs and Degenaar et al. (2014) invoked the neutron
star’s magnetic field interaction with the incoming accretion
flow as a plausible reason for the long-term, low-level X-ray
emission in such systems.

In the future, 3FGL J1544.6—1125 may eventually be de-
tected to transition to a rotation-powered RMSP state or to
enter a bright outburst at higher accretion rate, like that seen
for IGR J18245-2452 (Papitto et al. 2013b). Either situa-
tion could lead to the detection of the neutron star’s rotation
rate, via either radio or X-ray pulsations. Such a detection
would establish the rotational energy budget and magnetic
field strength.

If 3FGL J1544.6—1125 transitions from LMXB to RMSP
state, it will be only the fourth well established tMSP. Cur-
rently, 3FGL J1544.6—1125 is the only (candidate) tMSP,
apart from PSR J1023+0038, in the LMXB state. This makes
3FGL J1544.6—1125 a critical avenue in wihch to explore the
nature of the tMSP accretion state and to compare it with the
observations made for other transitional tMSPs in their current
or previous LMXB state.

Lastly, our 3FGL J1544.6—1125 results strengthen the case
that radio/X-ray/gamma-ray observations may provide a useful
way of identifying new tMSP systems. Similar searches of
select Fermi un-associated objects and their multi-wavelength
follow-ups have now yielded two other candidate tMSPs,
CXOU J110926.4-650224 and 4FGL J0427.8—6704 , in sub-

luminous disk state. Hence, we are targeting un-associated
Fermi gamma-ray sources using the VLA, Australia Telescope
Compact Array (ATCA) and Swift to look for sources whose
position in the Lg — Lx diagram is similar to the tMSPs.
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